The Role of Potentially Preventable Hospital Exposures in the Development of Acute Respiratory Distress Syndrome: A Population-Based Study* Adil H. Ahmed, MBBS 1, 2 ; John M. Litell, DO 1, 2 ; Michael Malinchoc, MS 2, 3 ; Rahul Kashyap, MBBS 1, 2 ; Henry J. Schiller, MD 2, 4 ; Sonal R. Pannu, MBBS 1, 2 ; Balwinder Singh, MBBS 1, 2 ; Guangxi Li, MD the prognosis for patients with the syndrome has remained essentially unchanged except in selected clinical trials (2) . State-of-the-art treatment is limited to lung-protective ventilation and meticulous supportive care (3) .
Observational studies have suggested that ARDS is rarely present during the initial emergency department evaluation or at hospital admission but rather develops in a subset of patients over a period of hours to days (4) . The suggestion that ARDS could, in part, be viewed as a potentially preventable hospitalacquired phenomenon (5, 6) has prompted a search for tools to more accurately identify at-risk patients, along with preventive strategies to be deployed before the syndrome is fully manifested. Potentially important hospital exposures include injurious tidal volumes (5, 7), blood product transfusions (5, 8) , aspiration (9) , inappropriate antimicrobial therapy (9) , medical and surgical adverse events (10) , and fluid overload (11, 12) .
Preliminary studies inadequately addressed potentially confounding baseline differences between patients at risk in whom ARDS did and did not develop, limiting the inferences about the causal role of hospital-acquired exposures (5, 6, (8) (9) (10) . The recently developed and validated lung injury prediction score (LIPS) (4) predicts the probability of ARDS development based on the presence or absence of specific predisposing conditions (sepsis, aspiration, pneumonia, shock, trauma, and high-risk surgery) and risk modifiers (alcohol use, chemotherapy, acidosis, hypoxemia, tachypnea, hypoalbuminemia, and diabetes) at hospital admission. Using LIPS to stratify patients at risk, we sought to test the hypothesis that hospital exposures can influence the development of ARDS in patients with similar risk at hospital admission.
METHODS
The study was conducted at a tertiary care teaching institution comprising two hospitals with 1,900 inpatient beds and 164 adult ICU beds. Detailed methods have been previously reported (13) . The Mayo Clinic Institutional Review Board approved the study protocol.
Study Population
Eligible patients included consecutive adult residents of Olmsted County, Minnesota, with ARDS or at risk for ARDS, who were admitted to the hospital from January 2001 through December 2010. Screening was conducted retrospectively from January 2001 through October 2008 and prospectively from November 2008 through December 2010. We excluded patients who had ARDS or pulmonary edema at hospital admission or more than 60 days after admission, those admitted for comfort care only, and patients who died within 24 hours of admission. We also excluded patients who were readmitted to the hospital during the study period, who had recurrent episodes of ARDS, and who declined the use of their medical records for research (about 5% of hospitalized Olmsted County residents).
Ascertainment of Cases
A previously validated ARDS electronic surveillance tool (14) identified all mechanically ventilated patients with possible ARDS; medical records of those patients were subsequently reviewed by two trained study investigators for accuracy and timing of ARDS development according to the American European Consensus Conference criteria (15) . This process has previously been shown to have a very good interobserver agreement (κ = 0.83) (16) . An independent third investigator resolved all disagreements.
Ascertainment of Controls
Matched controls were identified from the remaining cohort of consecutive adult Olmsted County residents admitted to the hospital from 2003 through 2010 (very limited electronic records were available for 2001-2002) who did not have ARDS, despite having at least one risk factor for it. Cases and controls were matched 1:1 for six characteristics: age, sex, high-risk surgery (elective or emergency), sepsis, Spo 2 /Fio 2 ratio (17), and ARDS risk according to the LIPS (4).
Ascertainment of Hospital Exposures
Trained study coordinators, masked to ARDS status and hospital mortality, determined the timing and intensity of hospital exposures through detailed review of the electronic health record and paper charts. Only hospital exposures occurring in a specific time range were counted (Fig. 1) . This range extended from hospital admission to 6 hours before meeting ARDS criteria in cases and a corresponding time period in controls ( Fig. 1) . Standardized electronic data collection forms with embedded value range checks were used for all collected variables. After de-identification of case or control status, the statistician responsible for matching calculated the time range for data collection.
Definitions of Exposures
Adverse events were defined according to standard definitions for medical and surgical misadventures (10) (Supplemental Table E1 , Supplemental Digital Content 1, http://links.lww. com/CCM/A701) and were identified with the Institute for Healthcare Improvement Global Trigger Tool (18) . To validate our abstracting procedure for adverse events, a blinded independent investigator reviewed a random sample of 62 subjects (about 7% of the total subjects). The interrater agreement on the presence or absence of adverse events was 94%, with a κ value of 0.88 (95% CI, 0.75-1.0). Preventability was determined by clinical experts in surgical and medical critical care blinded to case-control status using de-identified clinical scenarios copied from the records without omission or addition.
Inappropriate empirical antimicrobial therapy was defined according to Kumar et al (19) by both time of administration and adherence to broadly accepted norms for empirical management of presenting syndromes. Infection and shock were defined according to standard definitions (4) .
Hospital-acquired aspiration was defined by documentation of directly witnessed aspiration or by the presence of gastric contents suctioned from the endotracheal tube (20) . Additional variables included inadequate head-of-bed elevation (< 30° for > 6 hr for ventilated patients). Delirium was defined as a positive Confusion Assessment Method for the ICU (CAM-ICU) score (21) documented by the bedside nurse. For patients hospitalized before the introduction of the CAM-ICU score (2001) (2002) (2003) , delirium was defined by documentation of the word "agitation" more than once in 12 hours. Nasogastric tube placement and intubation difficulty were determined from emergency department or ICU clinician procedure documentation.
Blood transfusion was defined as infusion of RBCs, fresh frozen plasma, platelets, or cryoprecipitate. Fluid administration was defined as administration of any IV crystalloid or colloid. We also tracked the administration of selected medications previously identified as potential modifiers of ARDS development (Supplemental Table 2 , Supplemental Digital Content 1, http://links.lww.com/CCM/A701).
Matching Process and Statistical Analysis
Between January 1, 2001, and December 31, 2010, a total of 17,352 patients were admitted to the medical or surgical ICUs at Mayo Clinic in Rochester, Minnesota. Because of a decrease in the prevalence of ARDS during the study period, we were able to enroll only 508 patients with ARDS, rather than the planned 600 (13) . With a sample size of 414 matched cases and controls, and assuming the risk of ARDS increased two-fold in patients with the risk factor, and with a 10% prevalence of a risk factor, the study had a 93% chance of finding a statistically significant effect. The presence or absence of nine ARDS risk factors at admission was determined for all these patients and was used to form the pool of matching variables. From these baseline patient variables, controls were matched to cases on the basis of age, sex, surgery type, sepsis, Spo 2 /Fio 2 ratio, and LIPS score. Baseline characteristics were compared using paired parametric and nonparametric testing as appropriate.
Matching was carried out with a custom-programmed Mayo Clinic SAS (SAS Institute, Cary, NC) macro (% match, available at http:// www.mayoclinic.org).
We used univariate logistic regression to evaluate the association between hospital exposures and the development of ARDS. Each case-control pair formed strata, and only the hospital-acquired risk factors were used in each model. Sensitivity analyses were performed to adjust for any remaining baseline differences and after exclusion of the years without controls (2001) (2002) . We calculated odds ratios (ORs) and 95% CIs and performed hypothesis testing using PROC LOGISTIC (SAS version 9.1). Statistical significance was set at a p value of less than 0.05.
RESULTS
Of 508 incident cases of hospital-acquired ARDS, 414 were successfully matched (Fig. 2) . Seventy-eight cases could not be matched and 16 patients were excluded because they were hospitalized for more than 60 days. The median (interquartile range [IQR]) time to ARDS development in cases was 58 (27-111) hours after hospital admission. Baseline characteristics collected at hospital admission were similar between cases and controls except alcohol use, hypoalbuminemia, and shock, which were more common among cases ( Table 1) .
Several hospital exposures were markedly more common among cases than controls ( Table 2 ). In particular, inadequate antimicrobial therapy, medical and surgical adverse events, hospital-acquired aspiration, ventilation with potentially injurious tidal volumes, and greater volumes of blood product transfusion and fluid administration were more common in patients with ARDS ( Table 2) . The results were similar after adjustment for baseline differences ( Table 3) .
Exposure to antiplatelet agents during the at-risk period was associated with a decreased risk of ARDS (OR, 0.9; 95% CI, 0.8-0.9). Conversely, exposures to opioids, benzodiazepines, antacids, and furosemide were more common among cases than controls (Supplemental Table 3 , Supplemental Digital Content 1, http://links.lww.com/CCM/A701).
In subgroup analysis, we assessed the preventability of the adverse events as determined by blinded clinician review. Of the overall 40 identified surgical adverse events, 28 (70%) were deemed preventable and 11 (28%) nonpreventable. Of a random sample of 25 medical adverse events (18% of the 138 total medical adverse events), 17 (68%) were deemed preventable and 5 (20%) nonpreventable. In one of the surgical and three of the medical adverse events, there was insufficient detail to draw this distinction.
The prevalence of hospital exposures and hospital-acquired ARDS decreased during the study period (Supplemental Fig. 1 and Supplemental Table 4 
DISCUSSION
In this population-based study, we observed a strong association between certain hospital exposures and the development of ARDS among at-risk patients. Preventable medical and surgical adverse events, inadequate antimicrobial therapy, larger volumes of blood product and IV fluid administration, and documented pulmonary aspiration were all substantially associated with ARDS development. These findings suggest that ARDS results from a combination of nonmodifiable primary risk factors (e.g., illness or injury type) and potentially modifiable secondary insults (22) . Guided by this "2-hit" paradigm, quality improvement efforts to prevent modifiable second-hit exposures may decrease the risk of hospital-acquired ARDS and the overall prevalence of this syndrome (6) .A preliminary multicenter study proved the feasibility of introducing a checklist for lung injury prevention, intended to standardize the early application of certain critical care best practices (23) . When applied to patients at high risk, this approach may decrease the prevalence of ARDS, for which no treatment options exist.
As in prior studies, our cases were more likely than controls to have been exposed to certain adverse events (5, 9, 10) . Most of these were deemed preventable. Patients admitted to an ICU during their hospital stay are generally more likely to experience adverse events (24) . The overall prevalence in our cohort (about 22%) aligns with previous estimates (25, 26) , which have ranged from 20.2% (27) to 26.8% (physician observers) (28) . Unlike previous investigators (29), we did not distinguish between diagnostic and management errors, although most events in our study were caused by disrupted treatment plans, particularly for time-sensitive measures (e.g., antimicrobial administration). Previous work identified a correlation between the introduction of ICU quality improvement initiatives and a decrease in hospitalacquired ARDS (6, 30) . Taken together, these findings suggest that attention to healthcare delivery factors may be protective, particularly for high-risk patients.
The association between ARDS and delayed antimicrobial administration in our data has been described by Iscimen et al (9) ; delays in early goal-directed resuscitation also predicted ARDS development. Additionally, Kumar et al (19) found that delayed or inappropriate empirical antimicrobial therapy among patients with septic shock was both common and strongly associated with mortality.
Multiple groups have described the development of ARDS after blood product administration (8) . Recent studies support the effectiveness of transfusion decision support (5), and a change in blood product procurement to avoid alloimmunization was associated with the decrease of transfusion-associated ARDS (31) .The association between fluid balance and ARDS development is intriguing but the study design did not allow us to adequately evaluate the specifics of timing and composition of the fluid or to exclude confounding and reverse causation.
The association between aspiration of gastric contents and ARDS is well documented for out-of-hospital aspiration (20) and can probably be extrapolated to in-hospital aspiration (9) . Our data identified a higher frequency of aspiration among patients in whom ARDS developed; only one control patient had a documented aspiration event. Previous work has suggested a role for care delivery factors in limiting aspiration among ICU patients. A randomized trial of different positions for intubated patients was stopped early when interim analysis revealed a significantly lower prevalence of pneumonia among semirecumbent patients (32) . In our population, head elevation for ventilated patients was used almost uniformly for both cases and controls and was not significantly associated with ARDS. The association between exposure to antiplatelet agents and decreased risk of ARDS has been previously described (33) and is currently being tested in a phase II clinical trial by the U.S. Critical Illness and Injury Trials Group (NCT01504867).
Case-control studies are prone to biases in selection, recall, exposure ascertainment, and prevalence, among others. Our study is limited by the use of single-center data and a predominantly white population, although the targets for optimized critical care delivery suggested by our data are likely raceneutral. We used 1:1 matching to minimize confounding by balancing on the basis of ARDS risk factors present at admission. This also focused the study on hospital-acquired ARDS risk factors. Furthermore, we consolidated the list of exposures by eliminating those lacking sufficient accuracy and precision and those that were redundant or of little potential relevance to the outcome of interest. We did not match for all previously described ARDS risk modifiers, some of which were statistically different at baseline: alcohol use disorder (34), hypoalbuminemia (35) , and shock (4). However, the results remained the same after adjustment for these baseline differences (Table 3) .
More cases than controls were identified in the early years of the study. Finding a perfect control for each case was challenging and matching by ARDS risk factors and the exact year of enrollment was not feasible. Increasing numbers of critically ill patients, decreased prevalence of ARDS, and availability of electronic records favored larger numbers of eligible controls in the later years. Controls were available from all years other than 2001-2002, and when those years were excluded in a sensitivity analysis, the results remained unchanged. The study design did not allow us to assess the independent effect of each specific exposure. These are likely to be highly correlated as the patient exposed to accidental puncture of the bowel is likely to receive more fluid and transfusion. The parallel decrease in both exposures of interest and hospital-acquired ARDS strengthens the observed associations. However, the results are considered hypothesis generating, and the more robust interventional studies are being planned under the auspice of U.S. Critical Illness and Injury Trials Group (evaluation of Checklist for Lung Injury Prevention) (36) . The extraction of potential errors and adverse events from the medical record is limited by the lack of reporting and nomenclature standards and substantial perceived disincentives to documentation (37) . In a 2005 retrospective chart review, Lehmann et al (38) reported that the associated clinical documentation contained the word "iatrogenic" for only 2% of patients admitted to the ICU as a result of an iatrogenic event. A substantial fraction of adverse events are likely undocumented and identification of surrogate markers can be challenging. For example, aspiration may be more likely to be documented in patients in whom ARDS developed subsequently than in those in whom it did not, potentially biasing the results. Efforts to identify adverse events using International Classification of Diseases, 9th Revision (ICD-9) codes have been complicated by their limited meaning and the variable accuracy of coding personnel. For example, multiple investigators (including our group) have found that ICD-9 codes are more reliable for surgical than medical misadventures and that administrative databases lack standardized clinical definitions for associated diagnoses (39) . To minimize these limitations in our study, the Institute for Healthcare Improvement Global Trigger Tool was applied by trained investigators with a medical background and confirmed by expert physicians, blinded to both ARDS development and hospital mortality.
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CONCLUSIONS
This population-based study suggests that potentially preventable hospital exposures significantly contribute to development of ARDS in at-risk patients. Disciplined attention to healthcare delivery factors and the avoidance of "second hits" is advised to limit the development of ARDS and to improve safety and outcome for critically ill patients. The effectiveness of this approach needs to be prospectively evaluated. Such an approach would present very little risk and, given the lack of treatment options after ARDS has developed, critically ill patients receiving this standardized care would have much to gain.
